injected with primary leukemia cells. 
Introduction
Therapy of acute myeloid leukemia (AML) results in high initial response rates, associated with the elimination of bulk leukemia cells, and, invariably, a high relapse rate. 1 Recent studies indicate specific interactions between leukemia cells and the bone marrow (BM) microenvironment promote leukemic cell survival and confer drug resistance. 2 Our preclinical data indicate an expanded hypoxic BM niche in AML compared to the discrete hypoxic niches observed in normal hematopoiesis. 3 Similar findings have been reported in myeloma models, 4 substantiating the concept of a prevalent hypoxic microenvironment in diverse hematologic malignancies. Recent gene expression profiling data confirmed highly distinct hypoxic and proinflammatory gene signatures in AML cells compared to normal hematopoietic stem cells. 5 Hypoxia results in stabilization of the transcription factors hypoxia-inducible factor 1α (HIF-1α) and HIF-2α, which in turn induce a vast array of gene products controlling metabolism, angiogenesis, apoptosis, and cell cycle. 6 In tumors, increased levels of HIF-1α activity are often associated with increased aggressiveness and therapeutic resistance. 6, 7 Importantly, HIF-1α has been shown to be over-expressed in clusters of leukemic cells in the BM of patients with acute lymphoblastic leukemia (ALL). 8 A recent report suggests that quiescent HIF-expressing leukemic stem cells may contribute to minimal residual disease in AML 9 and chronic myeloid leukemia (CML). 10 Hypoxic tumors are resistant to chemotherapy and radiation and are associated with poor survival, 11 suggesting hypoxia itself could be a therapeutic target. With the goal of exploiting hypoxia in tumors, several hypoxia-activated prodrugs (HAPs) were designed to provide targeted release of toxins in tumors. 11 A common mechanism by which a nontoxic prodrug can be activated is enzymatic addition of one electron, which initiates the formation of DNA reactive species, a process that can be inhibited by molecular oxygen. PR104 is a phosphate ester that is rapidly hydrolyzed in vivo to the corresponding alcohol PR104A, which acts as an HAP through its metabolic reduction to activated nitrogen mustards PR-104H and PR-104M. 12 The second mechanism of PR104 activation is through hypoxia-independent two-electron reduction by enzyme aldo-keto reductase 1C3 (AKR1C3), which is highly expressed in AML blasts. 13 In preclinical models of ALL, we showed PR104 prolonged survival and decreased the leukemia burden of immune-deficient mice ©2015 Ferrata Storti Foundation. This is an open-access paper. doi: 10.3324/haematol.2014.118455 Manuscript received on October 2, 2014 . Manuscript accepted on February 6, 2015 .
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We previously demonstrated vast expansion of hypoxic areas in the leukemic microenvironment and provided a rationale for using hypoxia-activated prodrugs. PR104 is a phosphate ester that is rapidly hydrolyzed in vivo to the corresponding alcohol PR-104A and further reduced to the amine and hydroxyl-amine nitrogen mustards that induce DNA cross-linking in hypoxic cells under low oxygen concentrations. In this phase I/II study, patients with relapsed/refractory acute myeloid leukemia (n=40) after 1 or 2 prior treatments or acute lymphoblastic leukemia (n=10) after any number of prior treatments received PR104; dose ranged from 1.1 to 4 g/m 2 . The most common treatment-related grade 3/4 adverse events were myelosuppression (anemia 62%, neutropenia 50%, thrombocytopenia 46%), febrile neutropenia (40%), infection (24%), and enterocolitis (14%). Ten of 31 patients with acute myeloid leukemia (32%) and 2 of 10 patients with acute lymphoblastic leukemia (20%) who received 3 g/m 2 or 4 g/m 2 had a response (complete response, n=1; complete response without platelet recovery, n=5; morphological leukemia-free state, n=6). The extent of hypoxia was evaluated by the hypoxia tracer pimonidazole administered prior to a bone marrow biopsy and by immunohistochemical assessments of hypoxia-inducible factor alpha and carbonic anhydrase IX. A high fraction of leukemic cells expressed these markers, and PR104 administration resulted in measurable decrease of the proportions of hypoxic cells. These findings indicate that hypoxia is a prevalent feature of the leukemic microenvironment and that targeting hypoxia with hypoxia-activated prodrugs warrants further evaluation in acute leukemia.The trial is registered at clinicaltrials.gov identifier: 01037556.
In solid tumors, phase I clinical trials of single-agent PR104 given as a 1-h intravenous infusion every three weeks identified thrombocytopenia, neutropenia, infection, and fatigue as dose-limiting toxic effects and a maximum tolerated dose of 1.1 g/m 2 (when given every 3 weeks) 14 or 675 mg/m 2 (when given on Days 1, 8, and 15 every 28 days). 15 While no data on the clinical utility of HAPs in the setting of hematologic malignancies are available, this toxicity profile and pre-clinical data prompted us to hypothesize PR104 may demonstrate activity in patients with relapsed acute leukemia that harbors a hypoxic BM microenvironment.
To test this hypothesis, we conducted a phase I/II clinical trial of PR104 in relapsed or refractory AML or ALL. The primary objectives were to determine the toxic effects and recommended dose of PR104 in patients with relapsed/refractory leukemia. Secondary objectives were to evaluate the pharmacokinetics and anti-tumor effects of PR104, the expression of AKR1C3 in leukemic cells, and biomarkers of hypoxia.
Methods

Study population
Patients aged 18 years or older were eligible if they had persistent or relapsed AML (according to the 2008 World Health Organization classification 16 ) requiring first or second salvage therapy. In the expansion phase of the study, patients with persistent or relapsed ALL were also eligible. Other entry criteria were standard for phase I studies. Cytogenetic risk group was defined according to the refined criteria of the National Cancer Research Institute/Medical Research Council.
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Treatment plan
In the phase I portion, patients with relapsed/refractory AML received PR104 as a 1-h intravenous infusion according to an escalating dose schedule. Induction therapy initially comprised administration of PR104 every 14-28 days for up to 3 cycles. Later, the induction treatment was limited to 1 cycle. Response and toxicity were assessed by day 42 (±2 days). A starting dose level of 1.1 g/m 2 was based on the single-agent maximum tolerated dose for PR104 in patients with relapsed/refractory solid tumors.
14 Patients who achieved complete remission (CR) or CR without platelet recovery (CRp) received consolidation therapy for up to 4 additional cycles, at 75% or 50% of the dose used for induction therapy. In the expansion phase of the study, patients received PR104 at a dose of 3 g/m 2 or 4 g/m 2 , at the investigator's discretion, toxic effects were monitored continuously, with a target of less than 30% grade 3 or 4 non-hematologic toxic effects. Response to treatment was assessed by International Working Group response criteria (Online Supplementary Appendix). 18 The institutional review boards at MDACC and FHCRC approved this study, and patients gave consent in accordance with the Declaration of Helsinki.
Statistical analysis
The dose-finding portion of the study utilized the covariateadjusted outcome-adaptive Bayesian method of Thall et al. 19 to determine a recommended dose for specific subsets of patients as determined by 3 prognostic covariates. Patients had to achieve either CR or CRp by day 42 for PR104 administration to be considered efficacious. For the purpose of dose finding, toxicity was defined as treatment-related death or treatment-related grade 3 or 4 non-hematologic CTCAE toxicity within 42 days from the start of therapy. Once a potentially beneficial dose was determined, an expanded dose cohort of patients with AML or ALL received PR104 at uniform doses in the expansion phase of the study. Unadjusted overall survival (OS) time distributions were estimated by using the Kaplan-Meier method. 20 Further details are provided in the Online Supplementary Appendix.
Pharmacokinetic assessment
Plasma pharmacokinetics was assessed by sampling 0.5, 1, 1.5, 2 and 3 h after the start of PR-104 infusions during cycle 1 only and included determination of PR104, PR104A and its O-glucuronide metabolite PR104G by LC-MS/MS, as described elsewhere.
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Biomarker analyses
Biomarkers analyzed included hypoxia markers pimonidazole (PIMO), HIF-1α and its target carbonic anhydrase IX (CAIX) evaluated in bone marrow biopsies, and AKR1C3 activity. (See the Online Supplementary Appendix for details of assays). 
Results
Study population
Fifty-three patients were enrolled and 50 patients [AML, n=40 (80%); ALL, n=10 (20%)] received PR104 at doses ranging from 1. Tables 1 and 2 . Median age of the study population was 62 years (range 20-79 years). Among patients with AML, 29 (72.5%) had relapsed disease and 11 (27.5%) refractory disease; all except one patient had a first CR duration of 52 weeks or less. Eighteen (45%) patients with AML had adverse cytogenetics, and 4 patients with ALL had a translocation t [9;22] . Twenty-one (52.5%) patients with AML had undergone 2 prior therapies; and all 10 patients with ALL (100%) had received 2 or more prior treatments.
Phase I/II dose-finding
In the dose-finding phase, 25 patients with AML received PR104 at doses varying from 1.1 g/m 2 to 4 g/m
] for a median of 1 cycle (range 1-3 cycles) ( Table 3 ). Of these, 17 patients were treated using adaptive dose selection, and 8 additional patients were treated at 3 g/m 2 or 4 g/m 2 to further evaluate safety and efficacy and establish a recommended dose for the expansion phase. During this portion of the study, PR104 was associated with acceptable toxicity at the 3 g/m 2 and 4 g/m 2 dose levels. Non-hematologic grade 3/4 treatmentrelated adverse events at 3 g/m 2 and 4 g/m 2 included febrile neutropenia (8 patients, 33%), infections (5 patients, 21%) and anorexia, nausea, vomiting, fatigue, colitis, pruritus, and rash (1 subject each, 4%). PR104 caused suppression of hematologic parameters, with grade 3-4 leukopenia and lymphopenia seen in 68%, neutropenia or anemia in 56%, and thrombocytopenia in 52%. In 2 patients treated at 3 g/m 2 , prolonged BM suppression (<5% marrow cellularity beyond day 42 without evidence of leukemia) was observed. Febrile neutropenia was more common at 4 g/m 2 (5 of 8 patients vs. 3 of 16 at other doses combined).
Phase II dose expansion
In the expansion phase of the study, a total of 25 patients (AML, n=15; ALL, n=10) were treated at doses of 3 g/m 2 (n=11) or 4 g/m 2 (n=14) for a median of 1 cycle
Phase I/II study of PR104 in acute leukemia haematologica | 2015; 100 (7) 929 Table 2 . Base-line characteristics of acute lymphoblastic leukemia patients (n=10). Days from start of treatment
Characteristic N
Days from start of treatment Overall survival probability Progression-free survival probability Progression-free survival probability
Overall survival probability 
Safety and tolerability
Online Supplementary Table S1 provides a summary of adverse events occurring in 15% or more of patients
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haematologica | 2015; 100(7) regardless of attribution; all drug-related adverse events are summarized in Online Supplementary Table S3 . All laboratory abnormalities that changed by at least 1 grade (based on CTCAE v.4.0) from baseline (or cycle 1 day 1) were considered drug-related adverse events and are listed in the Online Supplementary Table S1 . The most common treatment-related grade 3/4 adverse events were myelosuppression (anemia 62%, leukopenia 64%, neutropenia 50%, thrombocytopenia 46%); febrile neutropenia (40%); infections, including lung infection (16%); sepsis (8%); and gastrointestinal toxic effects. Grade 3-4 effects in the lower gastrointestinal tract (enteritis, enterocolitis, colitis, and small bowel obstruction) were seen in 7 patients (14%), all treated at the 3 g/m 2 or 4 g/m 2 dose. Nausea, vomiting, and diarrhea were common but were predominantly grade 1/2. The most common treatment-related laboratory abnormalities other than myelosuppression were hypoalbuminemia (76%), hyperglycemia (68%), hyperbilirubinemia (52%), and creatinine elevation (36%). There was no statistically significant difference in adverse events between different dose levels except for anemia (Fisher's exact test, P=0.023). Analysis of associations between toxic effects and covariates showed that neutropenia was significantly associated with the number of prior induction regimens (Online Supplementary Table S3) . Seven deaths occurred during treatment (14%), one at the dose of 1.1 g/m , and included: hepatic failure (n=1), sepsis and unresolved enteritis (n=1), and pneumonia in the setting of drug-induced myelosuppression (n=1).
Responses and outcomes
Anti-leukemic activity was observed at PR104 doses of 3 g/m 2 and 4 g/m
2
. Nine patients (18%) had reduction of BM blasts by more than 50% from baseline on day 14. In addition, 9 patients (18%) had BM aspirates on day 14 that yielded insufficient sample and therefore the percentage of blasts could not be assessed. None of the 8 patients who received less than 3 g/m 2 had clearance of BM blasts. Forty-nine of the 50 patients were evaluable for response. One patient achieved CRp but was considered not evaluable due to recent participation in a different clinical trial. Among the 49 evaluable patients, 12 (24%) exhibited antileukemic activity (AML, n=10; B-cell ALL, n=2). All responses occurred at PR104 doses of 3 g/m 2 or 4 g/m 2 ( Figure 1A and B) . None of the co-variates (age, PR104 dose, CR1 duration, prior number of inductions) was significantly associated with response to PR104 (Online Supplementary Tables S5 and S6 ) or significantly predicted either OS or PFS (data not shown).
Correlative studies
Pharmacokinetics
Plasma pharmacokinetic data for PR-104 and its two major metabolites (PR-104A and glucuronide PR-104G) were available for 25 patients with AML. Non-compartmental pharmacokinetic parameters for each patient are listed in Online Supplementary Table S7 . AUC values were highly variable between patients, but showed dose dependence broadly consistent with linear pharmacokinetics for each analyte (Figure 2) . 13, 14, 21 The mean PR-104 clearance was 127 L/h-m 2 (SD 99 L/h-m 2 ) for these patients, similar to that for solid tumor oncology patients. 13, 14 The mean AUC for PR104A, the pharmacokinetic parameter most relevant to cytotoxicity in vitro, 22, 23 was significantly higher at 3 g/m 2 and 4 g/m 2 than at 1.1 g/m 2 , the maximum tolerated doses achieved in solid Phase I/II study of PR104 in acute leukemia haematologica | 2015; 100 (7) 931 tumor oncology patients 13 (Online Supplementary Table S8 ). Although highly variable between patients, PR-104A AUC was not associated with response or toxicity in this small group of patients (Online Supplementary Table S9 ).
Hypoxia-related biomarkers
To characterize the extent of pre-treatment and/or post treatment BM hypoxia, we utilized hypoxia marker PIMO and immunostaining for HIF-1α and CAIX in patients who consented to these studies. Five patients received PIMO injection prior to PR104 therapy. All 5 patients showed positive BM signal ( Figure 3A) . Quantification of PIMO signal in the BM showed levels of positive cells ranging between 50% and 88%. In 4 of the 5 patients, PIMO was used to detect BM hypoxia on day 14 after PR104 treatment; the percentage of PIMO-positive cells in the BM was reduced from an average of 74.7±4.4% to 23.3±3.5% (P=0.002) after treatment ( Figure 3B and C) . In an additional 10 patients who consented to the study after the base-line BM aspirations had already been performed for clinical purposes, the percentage of PIMO positivity on days 14-42 ranged from 10% to 89% ( Figure 3D and Online Supplementary Figure S1) . No correlation between PIMO positivity and percentage of BM blasts was observed (Online Supplementary Figure S2E and F) .
Expression of hypoxia markers HIF-1α and CAIX was studied in BM samples at baseline and after the first cycle of PR104 in a subset of patients (n=27 and 25, respectively) treated at the 3 g/m 2 or 4 g/m 2 dose for whom BM biopsy specimens were available for research studies. HIF-1α was positive in all but one of the 27 samples at baseline, with the percentage of positive cells ranging between 20% and 100%; CAIX was positive in all 25 samples at baseline, and the percentage of positive cells was between 40% and 100%. There was a significant correlation between proportions of HIF-1α-and CAIX-positive cells (Spearman r = 0.491, P<0.0001) ( Figure 4A ). In 8 of the 16 paired specimens, fewer HIF-1α-positive cells were detectable after PR104 administration (mean±SEM, 76.8±3.8% vs. 53.1±7.4%; P=0.004) ( Figure 4B and C), and 3 cases became negative after treatment, including a responding patient whose percentage of positive cells at baseline was 40%. Likewise, in 11 of the 16 paired specimens, fewer CAIX-positive cells were detectable after PR104 administration (75±4.7% vs. 60.6±6.8%; P=0.03) ( Figure 4D ). Lower fraction of HIF-1α-and CAIX-positive cells after therapy may reflect preferential killing of hypoxic cells or merely decrease of the tumor burden after PR104 therapy. Expression of both markers was significantly correlated with percentage of BM blasts in pre-treatment and posttreatment samples (Online Supplementary Figure S2A-D) . No correlation was found between HIF-1α and PIMO or CAIX and PIMO, at baseline or after therapy (Online Supplementary Figure S3A-D) .
Of the 8 responding patients who had biomarker studies performed, 3 were not evaluable because of "empty" marrow on day 14. In 3 of the 5 patients who achieved CRp or MLFS, proportions of both HIF-1α-and CAIXpositive cells decreased. In one patient, the fraction of PIMO-positive cells tested decreased from 50% at baseline to 7% on day 42 (Online Supplementary Figure S4) . No significant change in HIF-1α/CAIX was seen in BM samples from 2 of the 5 patients, whose best response was MLFS; one of these had no change in percentage of blasts after the first cycle when the biomarker assessment was performed. No significant associations between biomarkers and dose or toxicity were found (data not shown).
AKR1C3
Given the enzyme AKR1C3 can lead to PR104 activation in the absence of hypoxia, we investigated its activity in base-line samples [peripheral blood (PB) or BM] from 16 haematologica | 2015; 100(7) patients. The activity in samples from trial patients was measured by a fluorometric assay 13 in which AKR1C3 specific activity results in the conversion of coumberone to coumberol and it is inhibited by SN34037. In 16 patients the amount of SN34037-sensitive coumberol formation was on average 1.24±0.3 μM (range 0.06-3.83). This mean was 1.6-or 2.8-fold higher, respectively, than the value for BM or PB from normal donors. 13 No correlation was found between percentage of blasts and AKR1C3 activity (P=0.19). Only 2 responding patients had the AKR1C3 assay performed, and no statistical association was found between response or toxicity and AKR1C3 activity.
Discussion
In this study, we demonstrated that the BM in patients with advanced leukemia is markedly hypoxic, and the HAP PR104 had measurable clinical activity in patients with relapsed/refractory AML or ALL. This agent had significant toxicity, primarily myelosuppression and gastrointestinal effects.
Objective responses (CR/CRp) were seen in 6 of 31 (19%) patients with AML treated at 3 g/m 2 or 4 g/m
2
. An additional 6 patients cleared BM blasts (MLFS), and a significant fraction had temporary blast reductions at day 14 assessment. These findings constitute signs of clinical activity in these cases of relapsed/refractory AML with poor-risk features (short CR duration all except 1, 45% adverse cytogenetics, 52% having undergone ≥2 prior chemotherapy regimens). Two responses (one CRp, one MLFS) were seen in heavily pre-treated patients with ALL (median 3 prior regimens) Notably, 4 patients who showed a response to PR104 later underwent stem cell transplantation, suggesting the potential utility of this therapy as a myeloablative "bridge to transplant". Doses of PR104 administered in this trial (3 g/m 2 and 4 g/m 2 ) were 3-4 times higher than those used in solid tumor studies, resulting in approximately 3-fold higher AUCs for PR104 and PR104A. This could explain the gastrointestinal toxicity observed with repeated dosing. Severe gastrointestinal toxicity (enteritis, enterocolitis, small bowel obstruction) was seen in 14% of patients (17% of those treated at the highest dose) and caused sepsis and death in one patient. Review of the literature indicates the occurrence of neutropenic enterocolitis in 5.6%-15% of patients with hematologic malignancies treated with chemotherapy, [24] [25] [26] [27] and the higher incidence in the setting of drug-induced neutropenia. It is possible PR104 has a direct cytotoxic effect on the gastrointestinal tract, via biliary excretion of its O-glucuronide metabolite (PR-104G) which is the major PR-104 metabolite in solid tumor patients. 28 as it is in the present study ( Figure  2) ; β-glucuronidase activity in the gut flora can regenerate PR-104A, which in turn is reduced to the active cytotoxin PR-104H by bacterial nitroreductases. 28 Overall, the most common severe adverse effects (CTC grades 3-5) were myelosuppression, febrile neutropenia, and infection. Neutropenia and thrombocytopenia constituted dose-limiting toxic effects in solid tumor studies of singleagent PR104. 13, 14 These observations point to possible toxicity against normal hematopoietic stem/progenitor cells, residing within hypoxic BM niches. 29, 30 This toxicity against normal hematopoiesis makes it difficult to conclude whether there is a therapeutic window in the setting of leukemia with profound underlying myelosuppression. A different hypoxia-activated cytotoxin could possibly be less toxic against normal BM. In fact, the initial results of the phase I clinical trial with TH-302, 31 an HAP of the cytotoxin bromoisophosphoramide mustard, did not show myelosuppression as a prevalent toxic effect, although dose escalation was interrupted due to DLT of mucositis. Alternatively, combining these agents at less toxic doses with low-dose chemotherapy could conceivably decrease chemoresistance and improve treatment outcomes.
In this study, we have demonstrated that hypoxia is highly prevalent in human leukemic BM, confirming our preclinical findings in murine leukemia models. Although stabilization of HIF-1α in leukemic marrows has been shown previously, 9, 32 this is the first utilization of PIMO for measuring hypoxia levels in leukemia. These data support recently published findings of a distinct hypoxia gene expression signature in patients with AML.
6 PR104 significantly decreased leukemia cells residing in the hypoxic BM. We were able to utilize PIMO prior to PR104 treatment in only a handful of patients, since the majority of patients underwent routine BM testing prior to enrollment in the PR104 study. Although this limited our ability to conclusively compare PIMO and HIF-1/CAIX measurements, we did not find a correlation between these 2 separate assessments, suggesting that mechanisms of HIF-1/CAIX stabilization besides intracellular hypoxia may play a role in leukemic cells. This is not unexpected given the multitude of upstream regulators of HIF-1 expression. 7 On the other hand, expression of HIF-1 and CAIX showed correlation in both pre-treatment and post-treatment BM samples, supporting the validity of these markers. Importantly, expression of HIF and CAIX correlated with the percentage of BM blasts, indicating that stabilization of HIF-1α and CAIX tightly correlates with the extent of leukemia infiltration and most likely represents activation of HIF signaling within leukemia blasts. These findings implicate HIF-1α as one of the molecules to be targeted in adjuvant anti-leukemia therapy. Of interest, IDH mutations common in AML were shown to cause HIF-1α stabilization in one study 21 but were associated with the lower HIF-1α levels in another. 33 Although therapeutic targeting of transcription factors has proven challenging, several agents commonly used in AML (doxorubicin; topoisomerase I inhibitor topotecan) directly affect HIF protein levels, 34, 35 which could contribute to their anti-leukemia efficacy. Despite the fact our biomarker analysis supported the hypoxic nature of the leukemic microenvironment, the expression levels of the biomarkers did not directly correlate with the anti-leukemia efficacy of PR104. Although this could be explained by the recently discovered hypoxia-independent activation of PR104 through 1-electron reductase AKR1C3, 13 we found no correlation between functional AKR1C3 activity and drug efficacy; the caveat low AKR1C3 levels could reflect low leukemia burden in the blood samples used interchangeably with BM for these measurements. An alternative explanation is that despite adequate activation of the cytotoxin in the hypoxic leukemic marrows, it was unable to induce substantial killing in refractory leukemia cells possessing multiple mechanisms of resistance to alkylating agents, even upon achieving high local concentrations. This would imply that for successful application of the HAP concept, targeted agents such as selective kinase inhibitors in a genetically defined context may have a higher potential for success. This strategy would likewise limit toxicity to normal hematopoietic stem cells that do not express the oncogenic target.
Phase I/II study of PR104 in acute leukemia haematologica | 2015; 100 (7) In summary, this study demonstrated BM hypoxia to be a possible target for HAPs such as PR104. However, this strategy is unlikely to be successful for long-term leukemia control because of on-target toxicity of PR-104 to the BM. Further studies may be warranted to determine whether lower doses of PR104 combined with agents that target non-hypoxic cells yield better efficacy and tolerability. Alternatively, the use of HAPs to target residual hypoxic cells residing within protective BM niches is another attractive strategy. Finally, the appreciation of the hypoxic nature of leukemic cells gained through this study warrants further investigations to fully understand the mechanisms of this hypoxia and the biological consequences of the metabolically altered leukemia microenvironment, which have clear implications for chemoresistance and relapse.
